Control over the spatial arrangement of colloids in soft matter hosts implies control over a wide variety of properties, ranging from the system's rheology, optics, and catalytic activity. In directed assembly, colloids are typically manipulated using external fields to form well-defined structures at given locations. We have been developing alternative strategies based on fields that arise when a colloid is placed within soft matter to form an inclusion that generates a potential field. Such potential fields allow particles to interact with each other. If the soft matter host is deformed in some way, the potential allows the particles to interact with the global system distortion. One important example is capillary assembly of colloids on curved fluid interfaces. Upon attaching, the particle distorts that interface, with an associated energy field, given by the product of its interfacial area and the surface tension. The particle's capillary energy depends on the local interface curvature. We explore this coupling in experiment and theory. There are important analogies in liquid crystals. Colloids in liquid crystals elicit an elastic energy response. When director fields are moulded by confinement, the imposed elastic energy field can couple to that of the colloid to define particle paths and sites for assembly. By improving our understanding of these and related systems, we seek to develop new, parallelizable routes for particle assembly to form reconfigurable systems in soft matter that go far beyond the usual close-packed colloidal structures.
This article is part of the themed issue 'Soft interfacial materials: from fundamentals to formulation'. interactions between the cylindrical microparticles, so this structure is kinetically trapped, i.e. it is a colloidal monolayer membrane with highly anisotropic packing, arrangements and presumably, associated mechanics. Capillary interactions between particles of a given shape (e.g. cylinders of fixed aspect ratio) scale quadratically with the particle radius. One could anticipate that smaller particles could have weak enough interactions that they could form equilibrated structures, with attraction balanced by, e.g. electrostatic repulsion, and hence be reconfigured via dynamic control of interface curvature. In a notable recent study [15] , equilibrated structures have been formed on interfaces with (nearly uniform) curvatures using microspheres with sufficient electrostatic repulsion to balance curvature capillary interactions. We are inspired by these results to explore trapped and equilibrium structure formation in interfaces with curvature gradients.
In figure 2 , particles are oriented and reoriented in curved interfaces, demonstrating that dynamic control of assemblies is possible. As the curvature is changed, the particle rotates. Conceivably, equilibrated structures could be similarly reconfigured. These two motivating images are related to our ongoing research, as we are only now exploring how densely packed, trapped structures form at fluid interfaces with complex curvature fields, and how equilibrated structures can be tuned using dynamic control of interface curvature. Below we review key concepts for pairs of particles on planar interfaces, and for isolated particles on curved interfaces. These discussions provide the basis for how we think about the development of such structures and how we might exploit them. Thereafter, we briefly summarize a few examples from our research in related soft matter systems.
Capillary interactions (a) Planar interfaces
The juxtaposition of two fluids is energetically costly; the associated capillary energy of an interface between two fluids is the product of the interfacial tension γ and the area of the interface A. This energy causes colloids to accumulate at interfaces and allows them to interact once there. When a colloid attaches to an interface, it eliminates a patch of interface, lowering the system free energy; for a micrometre scale colloid, this energy reduction can be as large as 10 7 k B T. This effectively traps colloidal particles at the interface, as spontaneous desorption by thermal processes is clearly forbidden. The trapped particle also distorts the interface; particle weight plays no role in determining this distortion, as the radius a of a typical colloid is so small that the Bond number defined by the ratio of gravitational forces to surface tension-related forces is negligible: i.e. Bo = ρga 2 /γ 1, where ρ is the fluid density and g is the acceleration due to gravity. Rather, a colloid distorts the interface because it has an undulated contact line where the interface intersects the particle [22] . These undulated contours occur because of contact line pinning, e.g. by kinetic trapping at high energy or jagged sites on the particle, and/or patchy wetting [23] [24] [25] [26] , and because of complex shape, for which even equilibrated contact lines are undulated. Thus, for anisotropically shaped particles, undulated contours are the norm for contact lines in either trapped or equilibrium states. Experiment revealing particle roughness and interface deformation fields around particles is shown in figure 3 .
Nearly circular contact lines can be decomposed into Fourier modes in a polar coordinate, (r, φ), defined with respect to the particle centre of mass. In the limit of small slopes, the interface height h(r, φ) above the plane of the unperturbed interface obeys Laplace's equation ∇ 2 h = 0 with solution in the form of a multipole expansion that decays with distance from the particle. Each term in this expansion can be associated with a Fourier mode at the contact line that excites it. However, certain modes are excluded by the requirements of mechanical equilibrium: absent external forces and torques, which are typically negligible for micro-and nanoparticles at fluid interfaces, the monopole and dipole terms must be zero. Thus, the quadrupolar distortion is the first surviving mode, and defines the longest range distortion made by the particle [22] , i.e. letting h qp denote the amplitude of the mode, in the far field, all particles make a deformation field given by
As this is the first surviving mode in a decaying expansion, interactions between neighbouring particles in the far field should be described by interacting quadrupoles in interface height. The associated capillary energy can be determined by calculating the excess area of the interface owing to overlapping distortions:
where ϕ A , ϕ B are angles formed by the quadrupolar rise axes with respect to the ray connecting the particle centres, and r AB is the length of that ray (figure 4). Equation (2.2) was first derived by Stamou; we have amended its form slightly to capture accurately boundary conditions at the particle surface and in the far field using the method of reflections, as described in detail in [21] . This simple form captures the far-field interactions for all particles, and reveals that the particles rotate to attain mirror symmetric orientations so that they maintain ϕ A = −ϕ B , and then attract maintaining such orientations. By so orienting, particles arrange so that regions of the interface that rise above the reference plane overlap with the regions of rise formed by the neighbouring particle, and that regions of depression in height below the reference plane also overlap. In such orientations, the slope, and hence the area associated with the distortions in the interface, decreases. By maintaining this arrangement, particles attract each other. Note, however, that no particular angle is selected, any mirror symmetric arrangement will suffice. Microparticles typically move with negligible inertia, i.e. the associated Reynolds number Re = ρUa/μ 1, where ρ is the fluid density, U is the characteristic particle velocity and μ is the viscosity of the fluid subphase. Furthermore, viscous stresses are also typically small compared with stresses owing to surface tension, i.e. the associated capillary number Ca = μUa/γ 1, so that the interface shape is independent of particle velocity, and capillary interactions can be predicted using capillary hydrostatics arguments. In this limit, capillary forces driving motion are balanced by viscous drag, which, for particles far from contact, is well captured by a simple Stokes' drag argument. In experiment for particles far from contact, this equality allows one to infer the capillary interaction energies from the energy dissipated over the particle path, and to identify power laws for trajectories versus time t for a trajectory terminated at a time t f . For example, by equating pair capillary force F AB ∼ r AB −5 to viscous drag F D ∼ dr AB /dt, a power law r AB ≈ (t f − t) 1/6 emerges that must be obeyed by all particle pairs interacting in the far field. In experiment, this power law has indeed been reported for trajectories of pairs of ellipsoids and pairs of cylinders at fluid interfaces [27, 28] . Particles with more complex shapes, e.g. ellipsoids and cylinders, excite larger distortions that bear the signature of the particle shape. For example, ellipsoids and cylinders of similar size and wetting conditions have equilibrium wetting configurations and resulting pair interactions that differ significantly from each other [29] . Cylinders make far larger distortions than do ellipsoids owing to significant excess area near sharp edges where the planar ends meet the curved sides of the particle. The equilibrium wetting configuration of an isolated cylinder with contact angle of 80 • , similar to wetting conditions of cylinders made of epoxy resin SU-8 in the air-water interface, is shown in figure 2a [18, 27] . In experiment, interfacial distortions are measured using interferometry far from the particle, and by using gel trapping methods and environmental SEM to image closer to the particle (figure 3c) to gain insight into near field details of interface shape. Such data are compared with the simulated deformation fields (e.g. cf. figures 2a and 3c). Contributing multipoles at various distances from the particle centre of mass can be extracted from the interferometric and simulated data [27, 30] . Once dominant modes are identified, expressions for far-field or mid-range pair interactions can be derived by evaluating the excess area as a function of particle centre-to-centre distance and orientation. Closer to contact, however, owing to complexities associated with wetting details, e.g. as capillary bridges rearrange between particles, energy landscapes are simulated for pairs of particles with significant contributions from local rearrangements and associated changes in wetting energies of the particle, as well as the interface area. Appropriate gradients of these energy landscapes yield predictions for local capillary forces and torques that are compared with experimental observations of particle trajectories (translation, rotation) and preferred orientations.
Using this approach, we have studied pair interactions of cylinders and compared them with pair interactions of ellipsoids. The distortions around both shapes are quite similar from the far field up until approximately 3−5 radii (or minor axis length) from contact, and are well described by a particular contribution from a multipole expansion in elliptical coordinates, the elliptical quadrupole. This mode has steeper interfacial distortion near the poles, local high energy sites that favour end-to-end alignment. Analysis indeed predicts an associated capillary torque in the plane of the interface that rotates particles to end-to-end alignment. The torque is important in the near field, decaying as 1/r AB 5 . The torque drives end-to-end assembly in experiment for cylinders.
The preference for tip-to-tip orientation is also reported for (uncharged) ellipsoidal microparticles as they near each other. Once they near contact, however, uncharged microellipsoids rotate to side-to-side alignment [28] . Cylinders, however, do not rotate. Rather, they remain assembled end-to-end (figure 5a). Their sharp edges and planar facets [29] create (nonlinear) local distortions with associated energy fields in the very near field that cement assemblies. Simulated capillary energies for cylindrical and ellipsoidal microparticles as a function of their angle in mirror symmetric arrangements from end-to-end to side-to-side states reveal strong differences. As the particles rotate in mirror symmetry close to contact, steric effects differ significantly (figure 5b). Ellipsoids roll over each other smoothly, with weak-associated rearrangements of the contact line and symmetric energy landscapes to distortion. Cylinders, however, hinge about their sharp edges, with significant rearrangement of wetting configurations and steep associated energy barriers to changing from the end-to-end aligned state [29] . For ellipsoids, the side-to-side arrangement is the minimum energy configuration, characterized by a parabolic energy well. For cylinders, end-to-end assembly is the minimum energy state, separated by the energy barrier from a local minimum for the side-to-side state. For cylindrical microparticles studied in our laboratory (SU-8 microcylinders 7 µm diameter, 20−30 µm in length), simulations predict that the capillary bonds between cylinders have energy minima of order of 10 7 k B T. of similar radius and length, predicted energy differences between side-to-side and end-to-end alignment are ∼ 10 5 k B T. The distinct mechanics of these assemblies are related to the angular derivatives of these energy profiles, which reveal the in-plane torques required to distort them from their minimum free energy arrangements in the interface. For ellipsoids, the torque required to bend assemblies is Hookean, conferring flexibility to the chains of particles. For end-to-end arranged cylinders, however, a yield torque is predicted (of 10 7 k B T for conditions corresponding to our experiment) below which the chains remain rigid and linear, and above which they snap to a side-to-side arrangement. We have used magnetic fields to rotate chained particles at velocities for which viscous torques in excess of 10 5 k B T were exerted; under such torques, chains of cylinders remained rigid [29] .
In the very near field, roughness on the particle can excite undulations with wavelengths far less than the particle radius or linear dimension. Disturbances associated with these small undulations decay over distances comparable with the their wavelength. Between pairs of particles, in the near field, these undulations can be sources of enhanced attraction in the (very special) circumstance that the undulations are identical and in phase. Otherwise, they are sources of capillary repulsion. We have explored this concept using wavy particles that come to equilibrium separation distances [32] . Images from this study are reported in figure 6a,b, with inset showing the simulated excess areas between particles with pinned contact lines and mismatched wavelengths. Thus, small features like waviness or roughness of the contact line provide means of controlling the proximity of particles as they assemble.
To summarize, pairs of particles interact at fluid interfaces by capillarity when the distortions that they make in the fluid interface around them overlap. In the far field, all particle pairs behave similarly. This occurs because the leading order mode of the distortion made by an isolated particle is the same for all particles. Theory predicting pair interaction energies have been derived. Trajectories obeying associated power laws that are consistent for this form of interaction have been reported for several particle shapes. In the near field, details of particle shape and wetting conditions come into play, with associated energy fields that dictate preferred orientations and strengths of the structures formed. The ubiquitous nature of the far-field distortion becomes particularly important when thinking of isolated particles in curved interfaces (below). Details like particle aspect ratio, shape, corners or sharp edges, and roughness become important in the near field. In some cases, the energetic consequences of these details can be addressed analytically. In others, simulation must be used, as details of particle and interface area together determine the interaction. The fact that the near-field interactions occur, and play a strong role in the structures that form, allows particle shape and wetting conditions to be used to tailor aggregate properties including their symmetries, the strengths of the assemblies and the equilibrium separation distances between the particles.
(b) Microparticles on curved interfaces: experiment
We have developed a technique to define interface curvature in settings suitable for optical microscopy. A curved oil-water interface is formed around a micropost of height H m and radius R m . Far from the micropost is a confining ring, located several capillary lengths from the micropost centre. This structure is filled with water so that the contact line pins at the sharp edge of the micropost and the slope of the interface is shallow, e.g. ψ ∼ 15−18 • (figure 7a,b). Oil (typically hexadecane) is gently poured onto this water layer. The resulting interface shape close to the micropost is well approximated by
where L is the radial distance from the centre of the micropost. This interface (figure 7) has zero mean curvature (H 0 = 0) and spatially varying deviatoric curvature field
that decays monotonically with distance from the post. Microparticles in the upper (oil) phase sediment until they attach to the interface. They then move along radial paths toward the micropost, unless they are close enough (i.e. within approx. 10a) to interact with neighbouring particles already attached to the post, in which case particles can deviate and interact through particle-particle interactions. We have observed such trajectories for 5 µm radius SU-8 discs, 5 µm radius PS spherical colloids and for cylindrical colloids 20−30 µm long and 10 µm in diameter. Trajectories for all three particle shapes are shown in figure 8 (left-most column) [16, 19, 20] . Time-stamped images of particle location at equal time increments show that, in all three cases, particles migrate more rapidly where the gradient in c 0 is greatest. Recalling that inertia is negligible for the migrating particles, the energy dissipated along a particle path can be used to infer the capillary energy, E curv . We integrate along particle paths to find this dissipation, truncating this integration approximately 10a from contact with the micropost, so reflected modes and hydrodynamic interactions with the micropost are negligible. Spheres, discs and cylinders all have energy dissipated along their trajectories that are linear in c 0 ; the linear fits to these data have worst case coefficient of linear regression R 2 = 0.999. Curvature capillary energies for particle trajectories are reported for spheres, discs and cylinders are reported in figure 8 (middle column) [19] [20] [21] . The spheres and discs have E along the trajectories ranging from 8000 to 60 000 k B T. Microcylinders have greater energies owing to the larger deformations they create, allowing them to sense weaker deviatoric gradients and to migrate over greater distances. over a single trajectory of a cylindrical particle on this host interface. Furthermore, far from the micropost, trajectories for isolated microspheres, discs and cylinders obey power laws relating particle location with respect to the micropost centre L(t) and t c − t, as shown in the rightmost 
where L(t f ) is a final location at time t f . In this expression, B is a constant whose form can be derived by equilibrating drag and capillary force. As viscous drag for particles far from bounding walls F drag ∼ dL/dt balances the capillary force, this power law implies that the capillarity force in our experiments goes as F curv ∼ −L −3 , as is indeed the case for the interface around the circular micropost. Experiments with cylindrical microparticles allow one to resolve the in-plane torque enforcing alignment of the quadrupolar rise axis on the interface. A cylindrical particle at the oil-water interface has a contact angle of approximately 130 • , for which the interface has a depression at the end faces of the cylinder, and weak rise along the curved sides, as shown in figure 9a. Indeed, as it attaches, a cylinder rotates rapidly to orient its distortion along principle axes, as shown in a series of images in figure 9b. This alignment obeys the 'rise attracts rise' guiding principle for capillary interaction, depicted schematically in figure 9c. Thereafter, the cylinder migrates along radial lines toward the micropost, as shown in figure 9d .
Together, these experimental observations suggest that curvature capillary migration is ubiquitous for microparticles. These interactions are not highly dependent on particle shape, and they occur because of a coupling between the particle-sourced disturbance in the interface and the underlying curvature field. Given the ubiquitous nature of the far field quadrupolar distortion, it is natural to consider its role in this curvature-driven motion.
(c) Microparticles on curved interfaces: theory
Here we briefly review analysis to capture the main features of the experiments described above. The host interface had negligible, constant mean curvature H 0 = (c 1 + c 2 )/2 and variable deviatoric curvature c 0 = c 1 − c 2 , where c 1 = 1/R 1 and c 2 = 1/R 2 are the principal curvatures of the interface defined in terms of the principal radii of curvature R 1 and R 2 of the host interface h 0 absent the particle. The particle radius a is small compared with all geometric length scales, e.g. R 1 , R 2 , and the size of the domain and physico-chemical length scales, e.g. the capillary length. In this limit, we treat the particle as if it is in an unbounded interface. Both h 0 and the interface profile in the presence of the particle h = h 0 + η are found assuming ∇h 0 · ∇h 0 1 and ∇h · ∇h 1. The interface height satisfies the Young-Laplace equation, which in the limit of negligible mean curvature and assuming small slopes becomes ∇ 2 h = 0. The disturbance η ∼ a and decays over distances similar to a. This situation, in which there is a small disturbance source in a large domain, calls for a singular expansion of the interface near the particle to find a description of the interface shape that is locally valid near the particle, but that does not hold over very large distances compared with the particle radius. Using this approach, in a small region around the particle, the interface can be expanded in a local coordinate (r, φ) in terms of a small parameter λ = ac, where c is the magnitude of the largest curvature in the interface. The resulting interface expansion is valid over distances small compared with c −1 .
That is, the host interface near the particle can be locally decomposed into two terms: a bowlshaped term, characterized by the local mean curvature H 0 , and a saddle term (a quadrupole), characterized by the local deviatoric curvature c 0 . Both coefficients are evaluated at the particle centre of mass; in our work, H 0 is constant approximately 0, and c 0 is a slowly varying field in the outer coordinate.
To make this concept clear, we perform the expansion for the example of the interface formed around the circular micropost. Recalling that
we note that c ∼ L
0 , where L 0 is the location of the point P on the interface around which we perform the expansion. At the base of the micropost, we locate an outer coordinate (X, Y, Z) and define the coordinate L = X 2 + Y 2 . We consider the local shape of this interface near a point P on the host interface at (L 0 , Z 0 ). At this location, we define the inner coordinate (x, y, z), or equivalently, (r, φ) in the plane of the interface at P. The two coordinates can be related:
where is the interface shape. We recast these coordinates in dimensionless form. Outer coordinates are scaled with outer region length scale, c −1 ∼ L 0 , with dimensionless coordinates denoted byX,Ŷ,Ẑ. Inner coordinates are made dimensionless with particle radius a, with dimensionless coordinates denotedx,ỹ,z.
Recall the host interface shape in the outer coordinates (equation (2.6)):
This expression can be recast in terms of dimensionless inner variables:
In this expression, the first term is the interface height, the second term is the interface slope and the third term is the interface curvature around point P. As the host interface has zero mean curvature, only the deviatoric curvature term emerges. We can recast this expression, still in outer region scalings, in terms of the height above the plane of the interface at P by subtracting the height and slope in equation (2.9) In dimensional form in inner coordinates, the local expansion of the host interface becomes
where the curvature is a slowly varying field in the outer coordinate: c 0 (L 0 ). This local expansion, valid over distances from the point P small compared with L 0 , provides the far-field boundary condition for the particle-sourced disturbance in the interface. With this boundary condition, one can solve for the disturbance created by the particle and find that it decays to zero within the domain where this expression is valid. The product of the surface tension and the associated excess interface area around the particle is the curvature capillary energy. Through c 0 (L 0 ), the curvature capillary energy depends on the location of the particle centre of mass. We have solved the associated boundary value problem for η and resolved the excess area created by the particle in the interface for both pinned and equilibrium contact lines. The pinned case is of greater importance. When a particle attaches to the interface, it will typically have a pinned, undulated contact line with associated distortion h(r = a) = h qp cos 2(φ − α) (2.12) with associated disturbance
where α is the angle made by the quadrupolar rise axis with respect to the first principal axis [16, [18] [19] [20] . The associated excess energy for the particle is
where the first term is a constant. This is the curvature capillary energy for the particle on a curved interface, which predicts (i) There will be a local curvature capillary torque in the plane of the interface
that enforces alignment of the quadrupolar rise axis along the first principal axis, so that α = 0 [18] .
(ii) There will be a capillary force
that drives the aligned particle to regions of high deviatoric curvature [16, 19, 20] . We have seen both effects in experiment, as reviewed above. Physically, E curv results from the coupling of the (ubiquitous) quadrupolar mode around any microparticle and the saddle-shaped term in the local expansion of the interface. This implies that any particle, regardless of shape, can be directed along preferred paths to well-defined locations defined by curvature so long as the curvature capillary energy is large enough compared with random thermal energies. We note that this functional form differs from that proposed by others in the literature who have derived related arguments for curvature capillary energies [34] [35] [36] . We have identified the source of the discrepancy as a conceptual error concerning limiting processes in singular perturbation expansions [19] [20] [21] 37] . We have also carefully verified this form extensively in experiment.
(d) Complex curvature fields
Using microposts of differing cross section, we have imposed deviatoric curvature fields of greater complexity. By pinning the oil-water interface on the edge of a micropost with an elliptical cross section, curvature fields are imposed that are strongest at the poles of the ellipse (figure 10a). The principal axes for the interface correspond to ellipses and hyperbolae (figure 10b). Cylindrical particles on this interface migrate along the steepest gradients of deviatoric curvature that they encounter. Thus, particle fluxes toward the post depend on where particles attach to the interface. For square microposts, c 0 diverges at the corners, and so corners present 'hot spots' for migration and assembly. In experiment, the finite radius of curvature of the corner r c limits this divergence. Particles, be they microcylinders (figure 10c) or spheres (figure 10d), on such an interface are indeed strongly attracted to the corners. When particles accumulate, they form complex structures guided by particle-particle and particle-curvature field interactions.
In figure 1 (lower right hand corner) a field of vectors is shown around the square micropost. These vectors indicate gradients in the c 0 field. In an ideal case (e.g. absent particle-particle or particle-wall interactions), these are flux lines followed by particles. An isolated particle around a square micropost follows paths approximated by these trajectories, terminating its trajectory at the micropost corners. The path followed by a particular particle depends on where it lands on the interface. All paths exterior to a limiting contour surrounding the micropost (indicated by the red contour) lead to the corners of the micropost. All paths within this limiting contour move away from the micropost and toward the corners. This limiting contour represents a 'ridge' surrounding the micropost along which the deviatoric curvature is locally maximum. A particle directly on this contour would migrate along it toward the micropost corner, unless that location is already occupied by a particle. In that case, particles accumulate along the ridge. Particle paths, in fact, are more complex, modulated by particle-particle and particle-wall interactions owing to capillarity and hydrodynamics. However, the structure built up by the particles is strongly correlated with this underlying curvature gradient map. As each particles is trapped along its first site of encounter with either the micropost or a neighbouring particle, these curvature driven flux assembly limited structures (akin to diffusion limited structures and other flux-limited structures). The formation and behaviour of such structures form the focus of our current research.
Liquid crystals as hosts for directed assembly
Liquid crystals are fluids comprising anisotropic molecules with properties intermediate to liquid and crystalline states, with rich elastic and topological responses. In the isotropic phase, the molecules assume random orientations and positions. In the nematic phase, the molecules' long axes have a preferred alignment direction, or a director, denoted by a headless unit vector n [38] . By confining liquid crystals in vessels with well-defined anchoring conditions, a director field and associated elastic energy landscape, can be imposed. Liquid crystals have other important degrees of freedom, in that topology can require defects, for example, when boundaries like corners, sharp edges or colloids, force singularities into the defect field. Alternatively, defects and disclination lines that are not required can spontaneously emerge to lower the elastic energy of the system. Particles with well-defined anchoring conditions immersed in liquid crystals can seed defects and distort the elastic energy landscape defined by the confining boundaries. The associated energies can drive the particles to interact and assemble. Disclination lines and other defects can be sites of strong colloidal attraction. In the soft matter community, there is a growing interest in exploiting liquid crystals as media within which to assembly particles. For example, recent studies have addressed defect structures and interactions between microparticles immersed in a nematic liquid crystal with a range of complex shapes including microbullets, nanorods, cylinders, triangles and 'handle-bodied' structures including washers and more complex structures [39] [40] [41] [42] [43] [44] . Particles trapped at air-nematic interfaces have also been studied [45] . As director fields can be moulded by boundaries with controlled anchoring conditions, structures like microposts provide rich and interesting opportunities to mould these fields. Microposts with well-defined anchoring conditions can be used to impose spatially complex director fields with associated elastic energy landscapes. Colloids present in these systems distort these fields, interact elastically and are driven to form structures mimicking the underlying elastic energy landscape, often owing to sites of strong distortion near disclination lines. Here we describe one example of such an assembly for colloids trapped at the free surface above a micropost with homeotropic anchoring conditions (figure 11) [46] . In this experiment, a micropost was fabricated on a substrate, and all surfaces were treated to impose homeotropic anchoring. A film of the nematic liquid crystal 5CB was formed around the micropost. For nematic films with contact lines pinned at edges of the micropost with extremely weak slopes (less than 2-3 • ), fluorescence confocal polarized microscopy revealed a defect ring at mid-height around the micropost. Simulation of the associated director field reveals strong distortion emanating far from this ring. A 5 µm diameter silica microsphere with homeotropic anchoring placed on this interface forms a topological quadrupole. Within approximately 20−30 particle radii of the micropost, the particle migrates radially toward the micropost until contact (figure 11c). This interaction is absent in the isotropic phase and indicates far-reaching elastic interactions between the post and colloid are mediated by the distorted director field, and further suggests that the observed migration cannot be attributed to curvature capillary interactions, which are quite weak for these interface slopes and particle sizes. We have explored these interactions to make a variety of assemblies for particles trapped at the interface around the post [46] . More intriguing, however, is the assembly that occurs when the micropost is completely submerged at a depth of 5 µm below the free surface. In this case, particles migrate elastically to form a ring at the free surface, guided entirely by the nematic elastic energy field below it to form a structure reminiscent of the defect ring located more than 50 µm below the interface. This is a powerful example of elastic directed assembly in a nematic liquid crystal to form an open structure; as director fields can be dynamically tuned, this work paves the way to dynamically tunable assemblies at fluid interfaces. This is an example where elasticity directs particle assembly. The host director field and associated elastic energy field in the absence of the colloid is imposed by the anchoring conditions on the micropost and surrounding boundaries. Colloids present source weak distortions and migrate within the field. Is this curvature directed assembly? How strong is the analogy to the capillary interactions discussed above? We argue that the analogy is quite strong; near the particle, we can consider a local expansion of the host director field, with local slope and curvatures. Particles with dipolar defects couple to the local slope of the host director field, while those with quadrupolar defects couple to the local curvature of the host director field. To minimize this excess elastic energy, particles migrate within the field to preferred locations.
Thus far, we have discussed curvature capillary interactions, and the importance of elastic interactions at free surfaces. Can both play a role in dictating colloidal behaviour? We have probed this interplay in a study of cylindrical microparticles with homeotropic anchoring at the free surface of an aligned hybrid nematic film. In our experiment, we deposited microcylinders of length L = 25 µm and radius R = 5 µm on the free surface of a hybrid aligned nematic film with oriented planar anchoring on the substrate and homeotropic anchoring at the free surface. The significant bending of the director across the film thickness provides an elastic environment that can couple to distortions or defects in the director field created by the particles. Microcylinders with homeotropic anchoring were deposited by creating an aerosol in which the particles were suspended, and subsequently allowing them to sediment and attach to the interface. Once attached, the microcylinders aligned along the easy axis of the nematic film, corresponding to the direction of the oriented planar anchoring on the substrate. This is an elastic-driven alignment, observed on planar films.
In addition to interacting elastically, the cylinders deform the fluid interface, and so they can also interact via capillarity. The polar quadrupolar deformation at the air-nematic interface of an isolated cylinder determined three particle radii from the particle centre has magnitude h qp = 174 ± 30 nm, independent of the LC film thickness. (Note that, in this wetting configuration, the nematic rises along the ends of the cylinders, and is depressed along the sides.) Capillary assembly of these particles differs from that on isotropic fluids. Neighbouring microcylinders still assemble into an end-to-end chain, however, their alignment differs from the isotropic fluid case. When the vector defining the centre-to-centre distance between the particles r is parallel to the easy axis, the microcylinders remain aligned along this axis as they approach in an end-toend configuration. When r is not parallel to the easy axis, microcylinders assemble at an angle with respect to the director field, violating the mirror-symmetric orientations of the particles with respect to each other observed on isotropic fluids. After assembling, the paired particles rotate to align again along the easy axis (figure 12a). By this method, chains of particles form by successive capillary interactions and rotations.
What happens if this interface is curved by forming the hybrid nematic film around a micropost? We performed such experiments by forming a curved nematic film around an SU-8 micropost of height 50 µm and diameter 350 µm; the anchoring of the nematic liquid crystal on this post was random planar, and no disclination line or defect structure was formed owing to its presence. In the high curvature region near this post, microcylinders on the air-nematic interface rotate to align their major axis along the radial direction as dictated by the curvature capillary energy; in this configuration, the rise axis of the particle-sourced quadrupole aligns along the rise of the curved host interface. Far from the micropost, particles transition to elastic field dominated behaviour, i.e. from radial alignment to alignment along the easy axis. Thus, in this example, we have seen the coupling of capillary and elastic interactions. The elastic torque can be approximated as
where K is the elastic constant for the liquid crystals, L c is the characteristic length of the particle and θ is the small angle between director field and the cylinder's long axis. In a hybrid texture nematic film, the film thickness can also strengthen or weaken the elastic forces acting on the particles [9] . In summary, on planar films, pair capillary interactions of the particles differ from their behaviour on isotropic fluids owing to elastic-enforced orientations. On curved interfaces, capillarity and elasticity compete to dictate orientation.
Conclusion
In this brief review, we have discussed our vision for exploiting distortions in soft matter hosts as vehicles for directed assembly. We have given several examples in which particles distort soft matter and interact owing to the resulting energy fields, which depend on the geometry and confinement of the soft matter host. On curved interfaces of isotropic fluids, particles attach to the interface, interact and assemble into structures dictated by the curvature gradients in the interface. The curvature gradients diverge at corners, which are sites for preferred assembly. Within nematic liquid crystals, particles distort the director field locally and impose topological charges that interact within director field gradient of the host. Director fields can be imposed by confinement of the liquid crystal within vessels or under interfaces with well-defined anchoring conditions. Anchoring cues can seed distortions and disclination lines, which are sites for preferred assembly. Particles trapped at the free surfaces of nematic liquid crystals with complex director fields can assemble in structures mimicking the underlying director field landscape. Anisotropic particles can align by elastic or capillary curvature cues. These and related approaches for soft matter hosts are relatively unplumbed for their possibilities as fields to direct structure formation. Such methods are not just fundamentally rich, they also constitute highly parallelizable routes to organize particles over large domains. Such routes are appealing in applied settings and may prove to be of practical importance in the synthesis and fabrication of ordered structures. Competing interests. The authors declare that they have no competing interests.
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